High-throughput sequencing of immunoglobulin repertoires (Ig-seq) is a powerful method for 18 quantitatively interrogating B cell receptor sequence diversity. When applied to human 19 repertoires, Ig-seq provides insight into fundamental immunological questions, and can be 20 implemented in diagnostic and drug discovery projects. However, a major challenge in Ig-seq 21 is ensuring accuracy, as library preparation protocols and sequencing platforms can 22 introduce substantial errors and bias that compromise immunological interpretation. Here, 23 we have established an approach for performing highly accurate human Ig-seq by combining 24 synthetic standards with a comprehensive error and bias correction pipeline. First, we 25 designed a set of 85 synthetic antibody heavy chain standards (in vitro transcribed RNA) to 26 assess correction workflow fidelity. Next, we adapted a library preparation protocol that 27 incorporates unique molecular identifiers (UIDs) for error and bias correction which, when 28 applied to the synthetic standards, resulted in highly accurate data. Finally, we performed Ig-29 seq on purified human circulating B cell subsets (naïve and memory), combined with a 30 cellular replicate sampling strategy. This strategy enabled robust and reliable estimation of 31 key repertoire features such as clonotype diversity, germline segment and isotype subclass 32 usage, and somatic hypermutation (SHM). We anticipate that our standards and error and 33 bias correction pipeline will become a valuable tool for researchers to validate and improve 34 accuracy in human Ig-seq studies, thus leading to potentially new insights and applications in 35 human antibody repertoire profiling. 36 37 38 42 clonally unique antigen receptors during primary lymphocyte differentiation. In particular, B cell 43 antigen receptors (BCRs, and their analogous secreted form, antibodies) result from rearrangement 44 of the germline-encoded variable (V), diversity (D, heavy chain only), and joining (J) gene 45 segments. V(D)J recombination in B cells creates a highly complex receptor population (generally 46
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Adaptive immune responses are governed by cooperative interactions between B and T 41 lymphocytes upon antigen recognition. A hallmark of these cells is the somatic generation of order to prevent tagging of different cDNA molecules with the same barcode. Our multiplex 141 forward primer set was designed to target all IMGT-annotated IGHV gene segments (Figure 2B) . 142 To compromise between maintaining similar amplicon length across gene segment families and 143 creating thermodynamically equivalent oligonucleotides, we placed the primers at or near the 144 beginning of each FR1, resulting in a melting temperature range of 57°C to 63°C (Figure 2C) . This 145 range and the accompanying (unavoidable) variability in GC content have been shown to 146 potentially cause differences in amplification efficiencies, which in turn leads to a biased 147 representation of segment usage frequencies in Ig-seq data. Our workflow aimed to solve this 148 problem in two ways: first, since the RID labels cDNA at the single molecule level, we are able to 149 resolve the number of molecules by counting the number of RIDs instead of raw reads. Second, by 150 using the FIDs on our forward primers, we are able to further normalize our molecular count, since 151 Ig genes preferentially amplified by our primer set should show a higher ratio of FIDs to RIDs. 152 Additionally, the RIDs can be used to correct for errors introduced during PCR and the sequencing 153 process itself by grouping sequencing reads based on their RID, then correcting diverging nt 154 positions by generating a consensus sequence (majority voting scheme). This is especially useful in 155 Ig-seq when attempting to distinguish true SHM variants from erroneous sequences.
156
Combining standards with MAF to correct errors and bias in Ig-seq 157 To evaluate the extent of errors and bias present in human Ig-seq data, standards were mixed 158 (spiked-in) with cDNA prepared from circulating purified human B cells. In total, we sequenced 28 159 independently prepared libraries and annotated them with a custom aligner (18, 29) . Prior to 160 alignment, reads were either kept as uncorrected (raw) reads or were corrected using our MAF 161 pipeline that takes into account RID and FID information. In this way, we could directly compare 162 the number of erroneous sequences produced in uncorrected vs. MAF-corrected datasets. Clonal 163 assignment of uncorrected reads produced many erroneous CDR3 amino acid (a.a.) variants 164 (sequences with at least 1 a.a. difference from the nearest standard control sequence); for example, 165 in a dataset with 100,000 aligned reads, there was a median value of 23 errors per clone ( Figure   166 3A). The number of erroneous variants produced showed a clear correlation with the individual 167 abundance of each clone within the master stock (r = 0.89). When taking the entire VDJ nt 168 sequence into account, an even greater number of erroneous variants were observed (≥1 nt 169 difference from the standard sequence) ( Figure 3B ). We observed a median value of 118 erroneous 170 nt variants per standard (per 100,000 aligned sequences). Again, the number of erroneous variants 171 exhibited a clear correlation with clone abundance (r = 0.90). However, we did not observe any 172 significant trend linking IGHV family to the error rate (F-Test on full and reduced linear model, p = 173 0.083). 174 and VDJ errors: we observed a median value of 0 and 1 error per clone, respectively. Across all 176 datasets, we remove an average of 94.2% CDR3 a.a. and 97.4% VDJ nt erroneous variants ( Figure   177 3A-B). For example, prior to error correction the standard "CARGINGERALEW" (from dataset 178 Donor 1, IgG aliquot 1, see Table S3 ) displayed 39 additional CDR3 a.a. variants and 217 179 additional VDJ nt variants ( Figure 3D) . After error correction, we retain only the correct CDR3 a.a. 180 sequence and only one additional (erroneous) nt variant. With our current filtering criteria (see 181 Methods), we observed 16 instances in which we removed a standard control sequence that was 182 present in the raw data. However, in the vast majority of cases, we kept the standard when it was 183 observed in the raw data (2,321 instances). In only 43 instances, a standard sequence was either too 184 low in abundance or too frequently mutated to be annotated in either the raw or error-corrected 185 datasets.
186
In order to assess potential biases introduced by library preparation we prepared control libraries 187 containing only the pool of synthetic standards (from the master stock). The libraries were 188 generated in the same manner as the described MAF protocol, with the exception that in the first 189 PCR step, instead of using a multiplex forward primer set, a single forward primer targeting the 190 conserved 5' non-coding region (singleplex-PCR) was used. Ig-seq on these samples allowed us to t-test p = 0.008). After error and bias correction on these same datasets, the correlation improved to 200 an R 2 of 0.89 and an average MSE of 0.28 ± 0.08%. While MAF-corrected MSE values show no 201 significant difference to the singleplex-PCR libraries (Student's t-test p = 0.49), they do highlight a 202 significant improvement over the uncorrected data (paired Student's t-test, p = 0.0007). 204 Next, we analyzed the impact of MAF on the BCR repertoires of B cells isolated from the 205 peripheral blood of three healthy donors. We used flow cytometry sorting and a gating strategy to 206 select for CD27 -IgM + (naïve) and CD27 + IgG + (memory) B cell populations ( Figure 4A) . Across 207 all donors, the fraction of CD19 + peripheral blood B cells was 16-29% for CD27 -IgM + and 5-9% 208 for CD27 + IgG + . Importantly, each donor population was split into 4-5 separate aliquots containing Table S3 ). All cDNA libraries were then processed into libraries using the MAF protocol ( Figure   214 2A) and subjected to Ig-seq.
203

Impact of MAF error correction on human B cell repertoires
215
A simple global analysis of Ig-seq data revealed that diversity measurements were dramatically 216 exaggerated, as the number of unique antibody sequence variants obtained from the raw, 217 6 uncorrected data often exceeded both the number of cells and the number of total cDNA transcripts 218 in a given aliquot. Following error correction by MAF, the variant count returned to ranges that are 219 physically possible, thereby highlighting the importance of proper error correction and quality 220 control when globally determining repertoire diversity ( Figure 4B) . We further examined the 221 influence of erroneous variants on CDR3 clonotype analysis. In order to identify clonotypes, we or clonally expanded, and should therefore be mostly unique (not present in multiple replicates).
242
For each donor in the CD27 -IgM + subset, 1-2% of all clonotypes were present in at least one other 243 cellular replicate. In the CD27 + IgG + subset, clonotypes shared between at least two cellular 244 replicates were nearly tenfold more frequent (12-15%), which was expected given that this 38,034 ± 1,302, and donor 3 = 76,904 ± 1,409. Since the 95% confidence intervals for the three 257 donors did not overlap, we could also infer that the size of each donor's repertoire at the collection 258 time point was significantly different. This analysis indicates that we would need to sample at least 259 tenfold more cellular replicates in order to observe > 90% of all clonotypes; however the first five 260 7 samples analyzed here were sufficient to observe > 25% of the clonotypic memory repertoire. We 261 also generated rarefaction and extrapolation curves rescaled to the RID count (Figures S2A and 262 S2B). In the case of the CD27 -IgM + repertoire data, while asymptotic curves could be generated, a 263 diversity estimation is impractical. This is because plotting the observed numbers of newly 264 discovered clonotypes for each additional RID and donor shows that the number of newly 265 discovered clonotypes in the CD27 -IgM + dataset continues to grow over the observed range, 266 whereas the number of new clonotypes starts to converge at approximately 20,000 RIDs for 267 CD27 + IgG + repertoires (Figure S2C) . (Figure 7A) . We validated these observations 281 quantitatively using linear discriminant analysis (LDA) fitted on the centered log ratio (CLR)-282 transformed frequencies of each cellular replicate (Figure S3) . The LDA classifier was fit on 283 different splits of the data (based on two of the donors) and used to predict a holdout set (based on 284 the remaining donor). This showed that the fitted classifier in each instance is highly predictive of 285 the remaining aliquots and that prediction is robustly driven by the relative abundance of IGHV4 286 segment family usage in the CD27 -IgM + repertoires and the IGHV1, 2, and 3 families in the 287 CD27 + IgG + repertoires (Figure S3A-C) . Next, we utilized LDA to perform dimensionality 288 reduction of all data points to into a single one-dimensional axis; again, the most important (Figure 7C) . In each donor, these represented less than 0.5% of identified clonotypes.
298
Closer examination revealed that clonotypes shared between the CD27 -IgM + and CD27 + IgG + 299 subsets were also significantly enriched for intraclonal variants (SHM in CDR3) in one of the two through cellular replicates, we ensured that clonotypes observed in multiple samples must come 354 from distinct, clonally related B cells, thereby providing an effective solution for estimating clonal 355 diversity.
356
Applying computational approaches from ecology (31) to our biological subsampling strategy, we 357 attempted to estimate the number of unique clonotypes in a given antibody repertoire. The CD27 -
358
IgM + B-cell subset did not show substantial clonotype overlap among cellular aliquots (Figure 6A) . 359 As it is commonly assumed (and typically the case as shown in Figure 5A ) that each newly 360 generated B cell is a unique clone, the size of the naïve repertoire in the human peripheral blood 361 would be equal to the total number of naïve B cells, in the range of 10 to 30 million. While it is 362 improbable to sample this subset in its entirety, and its diversity is also too high to estimate based Notably, the IgG3 locus is the most proximal, and thereby the most plastic of the human IgG 399 subclasses; that is, an IgG3 + B cell still retains the capacity to class-switch to any of the remaining 400 three IgG subclasses, whereas IgG1, IgG2, and IgG4 cannot return to any of the previous states.
401
Similar to these findings, a flow cytometry-based investigation has also found healthy human 402 donors to have low frequencies of IgG4-expressing circulating memory B cells (38).
403
With new daily production and relatively rapid turnover of naïve B cells, it was not unexpected to 404 see little overlap of clonotypes between the intradonor CD27 -IgM + and CD27 + IgG + populations 405 (Figure 7C ). An interesting finding was that for clonotypes present in both B cell subsets, The number of erroneous CDR3 sequences (at least one a.a. difference from the correct CDR3) per 100,000 reads is plotted against the relative concentration of each standard (from a master stock). Color-coded diamonds correspond to germline IGHV segment family of the respective standard and show the number of erroneous variants in uncorrected (raw) data; gray diamonds indicate the number of variants remaining after MAF error correction. (B) The number of erroneous VDJ variants derived from each standard was calculated by finding all variants that carried the correct CDR3 a.a. sequence, but differed by at least one nt across the entire VDJ region. Colored diamonds represent uncorrected data; gray diamonds indicate variants remaining after MAF error correction. (C) Sequencing bias introduced by multiplex-PCR using the FR1 primer set was assessed by plotting the measured frequencies of each standard against its relative concentration (from a master stock). Dashed line represents a bias-free ideal scenario (R 2 = 1). The left and right plots show observed frequencies before and after MAF bias correction, respectively. (D) Phylogenetic trees visualizing the CDR3 a.a. variants present for a selected standard with the CDR3 a.a. sequence CARGINGERALEW and IGHV1-8 and IGHJ1 segment usage. Prior to error correction, 39 erroneous CDR3 a.a. variants (branches) and 218 VDJ nt variants (black circles) were observed. Following MAF error correction, only the original correct CDR3 a.a. and two VDJ nt variants remain. The Igseq data sets used in A-C consisted of ~300,000 preprocessed full-length antibody reads from each of the synthetic spikein only samples. IgG1_D1 dataset was used for panel (D) (see Table S3 ). Dashed line represents the number of B cells isolated per cellular replicate (2 x 10 5 cells). (C) Phylogenetic trees illustrating CDR3 a.a. and nt variants present for the selected clonotype with the consensus CDR3 sequence CARAAGSQYYYMDVW and IGHV1-8 to IGHJ1 recombination. Prior to error correction, 70 erroneous CDR3 a.a. variants and 249 VDJ nt variants (black circles) were observed. Following MAF error correction, only 6 CDR3 a.a. and 15 VDJ nt variants remain. The Ig-seq data sets used in (B) are described in Table S3 ; IgG1_D1 was used for the tree in panel (C). (C) Species accumulation curves for CD27 + IgG + B cells: the number of newly discovered clonotypes from each additional cellular replicate (black circles) is plotted. Extrapolating the observed overlap provides an estimate for the total number of distinct clonotypes (Chao2 estimator: D1 = 164,268 ± 2,365; D2 = 38,034 ± 1,302; D3 = 76,904 ± 1,409) and the approximate amount of cellular replicates needed to discover all clonotypes present in the peripheral blood CD27 + IgG + population. 
